Abstract Plant growth-promoting bacteria (PGPB) promote plant growth through a combination of mechanisms which affect mineral nutrition and root development. In this study, we profiled the transcripts in oil palm roots inoculated with a PGPB, Bacillus sphaericus UPMB10, upon the establishment of a stable inoculum on the root surface by cDNA microarray analysis. A total of 70 from more than 3,700 transcripts examined were found to be significantly upregulated in the roots of oil palm inoculated with B. sphaericus UPMB10 compared to those from uninoculated oil palm roots. Majority of these genes were related to protein synthesis and processing, stress, primary metabolism, and membrane transport. Many ribosomal proteins were upregulated in the roots of B. sphaericusinoculated oil palm plantlets. In addition, B. sphaericus UPMB10 were able to upregulate the expression of a gene encoding low affinity nitrate transporter, independent of root morphogenesis. These rhizosphere bacteria were also demonstrated to induce stress-related proteins that may lead to tolerance to biotic and abiotic stresses.
Introduction
Oil palm is one of the major sources of edible oil in the world. To maintain high yield of oil production, continual input of chemical fertilizer has been practiced in many oil palm plantations. Alternatively, plant growth-promoting bacteria (PGPB) can be applied to the palms to reduce environmental problems caused by the use of chemical fertilizers. Enhanced plant growth has been reported in oil palm seedlings upon inoculation with Bacillus sphaericus UPMB10 which can fix atmospheric nitrogen and synthesize plant growth-promoting substances such as auxin (Amir et al. 2002) . B. sphaericus might also function as a biocontrol agent by decreasing the severity of various diseases on a diversity of hosts (Choudhary et al. 2007 ). Besides, the application of other PGPB such as Azospirllum lipoverum BCC2369, Azotobacter beijerinckii BCC2368, Aeromonas punctata BCC2367, and Aspergillus niger BCCF194 in oil palm plantation has also been reported (Taryo-Adiwiganda et al. 2006) .
PGPB consist a diverse species of bacteria that promote plant growth through a combination of mechanisms which affect mineral nutrition and root development (CleyetMarel et al. 2001) . Most PGPB can fix nitrogen and produce phytohormones, whereby both products could Communicated by J. Dean Electronic supplementary material The online version of this article (doi:10.1007/s11295-010-0292-z) contains supplementary material, which is available to authorized users.
trigger root development and affect the growth rate of plant. However, it is unknown which product has the primary role in the beneficial effect of PGPB on plant growth. Despite the expression of genes encoding for nitrogenase enzyme complex or active nitrogen fixation by PGPB, several lines of evidence showed that PGPB do not contribute significantly to plant N status (Lethbridge et al. 1982; Boddey et al. 1986; Okon and Kapulnik 1986; Bremmer et al. 1995) . Instead, ammonium which was excreted by PGPB in micromolar range was proposed to play a signaling role in the interactions between PGPB and plants (Becker et al. 2002) . On the other hand, auxin, cytokinins, and gibberellins may be involved in the effect of PGPB on root morphogenesis including remarkable changes in lateral root length, root hair number, and length (Persello-Cartieaux et al. 2001; Steenhoudt and Vanderleydon 2000) . Some PGPB were reported to divert aminocyclopropane carboxylate (ACC), the precursor of ethylene which inhibits root growth, from plant root (Glick et al. 1998) . The increase in root surface area has been hypothesized to enhance nutrient uptake (including N, P, K, and other microelements) which accounts for the beneficial effects of PGPB on growth indirectly (Mantelin and Touraine 2004) while the direct effect of PGPB on nitrate uptake remains obscure. Since nitrate and phytohormones (produced by PGPB) affect the same developmental and physiological processes in plant roots, the independency of both mechanisms is not well defined.
Generally, the studies of plant-PGPB interaction have focused on the morphological changes of host plants (e.g., alteration in root development and increase in dry weight), the amount of plant N derived from biological nitrogen fixation and reduction in the incidence or severity of disease on a host plant upon inoculation with PGPB (Amir et al. 2001; Malik et al. 1997; MenaViolante and Olalde-Portugal 2007; Orhan et al. 2006; Saubidet et al. 2002) . Microarray analyses have been used to study the interaction between Arabidopsis thaliana, a well-characterized model plant and Pseudomonas fluorescens WCS417r (Verhagen et al. 2004) , P. fluorescens FPT9601-T5 (Wang et al. 2005a) , and Pseudomonas thivervalensis MLG45 (Cartieaux et al. 2003) , respectively. A similar technology, cDNA macroarray was also used to analyze the transcriptome of oil palm during somatic embryogenesis (Lin et al. 2009 ). To investigate the direct effect of PGPB on nitrate uptake independent of root morphogenesis at the transcriptional level, we have examined the early response of oil palm root to PGPB upon the establishment of a stable inoculum on the root surface in comparison to those from un-inoculated oil palm roots that were both cultured in vitro in N-free media; by cDNA microarray analysis using a custommade microarray.
Materials and methods

Fabrication of oil palm cDNA microarray
In the absence of a commercially available oil palm oligonucleotide microarray, we have fabricated a cDNA microarray consisting 3,748 cDNA probes generated by PCR amplification of cDNA clones from oil palm ). The reaction mixture containing 1× PCR buffer (10 mM Tris-HCl, pH8.8 at 25°C, 1.5 mM MgCl 2, 50 mM KCl, and 0.1% Triton X-100), 0.125 mM dNTPs, 1 U of DyNAzyme II DNA polymerase (New England Biolab, USA), 0.125 μM of T3 and T7 primers each and 10 ng template DNA in a final volume of 80 μl was amplified in a DNA Engine DYAD Peltier Thermal cycler (MJ Research, USA). The PCR cycling conditions were as follow: 94°C for 4 min; 35 cycles of 94°C for 1 min, 55°C for 30 s, and 72°C for 2 min; and a final extension at 72°C for 7 min. Subsequently, the PCR products were precipitated using 0.6 vol isopropanol and analyzed using 1% (w/v) agarose gel electrophoresis. Only single PCR products with a size more than 500 bp were selected for the fabrication of cDNA microarray. The PCR products amplified from 696 cDNA clones from zygotic embryo, 828 from vegetative meristem, and 2,224 from root were mixed with equal volume of DMSO and spotted on GAPS II coated slides (Corning, USA) together with Lucidia Universal ScoreCard Controls (Amersham Biosciences, USA) using GeneTac Arrayer (Genomic Solution, USA). In summary, the array consisted 32 blocks with 11 columns and 11 rows within each block. The description of this array is presented in Supplementary Table 1. The quality of the spots was checked by Spotcheck, slide QC kit-Cy3 (Genetix, United Kingdom). The expected positions of the cDNA probes were verified by referring to the hybridization signals of Lucidia Universal ScoreCard Controls that were arrayed at various positions on the slide.
Inoculation of oil palm with B. sphaericus UPMB10 A single colony of B. sphaericus UPMB10 was inoculated into 15-ml LB broth and incubated at 37°C shaking at 200 rpm overnight. On the following day, the culture was scaled up to 100 ml in Tryptic Soy broth (TSB) and incubated at 37°C shaking at 200 rpm for 4 h. The cells were centrifuged at 3,000g for 5 min and washed twice by resuspending the pellet in 30 ml of 1× PBS followed by centrifugation at 3,000g for 5 min. The pellet was redissolved 1× PBS and adjusted to approximately 2.7×10 8 cfu ml −1 (OD 600 =1) with 1× PBS prior to inoculation of oil palm. A total of 60 2-month-old in vitro cultured oil palm plantlets (Elaeis guineensis Jacq.) (Deli × Yangambi) were purchased from Felda Agricultural Services Sdn. Bhd., Malaysia. At this stage, approximately five primary roots between 1 and 3 cm were found; however, secondary roots and root hairs were not observed. Prior to inoculation with B. sphaericus UPMB10, the oil palm plantlets were transferred from normal MS medium to 15 ml N-free MS medium. Thirty of these oil palm plantlets were inoculated with 1 ml B. sphaericus UPMB10 each (2.7×10 8 cfu ml −1 )
whereas the remaining un-inoculated oil palm plantlets were added with 1 ml 1× PBS. The plantlets were kept in a growth room at 27±2°C with a photoperiod of 10 h of light and 14 h of dark. The plantlets were harvested at 120 h post-inoculation, upon the establishment of a stable concentration of inoculum on the root surface (data not shown). The roots of oil palm plantlets were excised, immersed in liquid nitrogen and stored at −80°C for further use. The inoculation was repeated twice resulting in two biological replicates.
Extraction of RNA and microarray hybridization RNA was extracted from the roots of five to six inoculated or un-inoculated oil palm plantlets from each biological replicate using a modified cetyl trimethyl ammonium bromide (CTAB) method (Wang et al. 2005b ). Approximately 5 μg total RNA from each treatment was amplified by using MessageAmp™ II aRNA Amplification Kit (Ambion, USA). Subsequently, 1 μg of the amplified RNA (aRNA) was labeled using Cyscribe first-strand cDNA labeling kit (Amersham Biosciences, USA). All the resulted Cy3-and Cy5-labeled cDNA products (inoculated and uninoculated, respectively) were purified with CyScribe GFX purification kit (Amersham Biosciencs, USA), mixed and added to the slide for hybridization. mRNA spikes provided in the Lucidia Universal ScoreCard Controls (Amersham Biosciences, USA) with known concentrations and ratios were included in the labeling reactions to compare the efficiency of labeling of target mRNAs. In total, 12 hybridizations (with two biological replicates, each consisting of three technical replicates and their dye swaps) were performed according to the instructions of the Cyscribe first-strand cDNA labeling kit (Amersham Biosciences, USA).
Scanning and microarray data analysis
The cDNA microarray slides were scanned at a resolution of 10 μm by using a laser scanner, Axon 4100A (Agilent, USA). The settings of photomultiplier tube (PMT) were adjusted to obtain unsaturated signals and clear image. The gain value of PMT was optimized to maintain the ratio of signal intensities of Cy3: signal intensities of Cy5 at a value of 1. The resulted GenePix (gpr) file was converted into mev file by using TIGR Express Converter (version 1.8).
The intensity of background was subtracted from the total intensity for each spot. Probes with irregular spot shapes or did not hybridize to both Cy3-and Cy5-labeled cDNAs were removed from downstream analysis. TM4, an open source system for microarray data management and analysis was used for subsequent analysis of cDNA microarray data (Saeed et al. 2003) . The data were normalized in Microarray Data Analysis System (MIDAS) from TM4 using total intensity normalization by scaling the individual intensities so that the mean intensities were the same within a single array and Locally Weight Scatter Plot Smoother (LOWESS, version 2.19) by applying LOWESS algorithm on each block data sets individually with the smooth parameter (percentage number used by MIDAS to compute LOWESS factor for each spot) set at default (33%) with Cy3 as a reference. The differentially expressed genes in the roots of B. sphaericus-inoculated oil palm plantlets (in comparison to the roots of un-inoculated oil palm plantlets) were identified using significant analysis of microarray (SAM) (Tusher et al. 2001) in Multiexperiment Viewer (MeV) from TM4. Two-class unpaired analysis was performed with a false discovery rate (FDR)<5%. The data were expressed as fold-change of gene expression in the roots of B. sphaericus-inoculated oil palm plantlets compared to the roots of un-inoculated oil palm plantlets. Among these genes, only genes with a minimum fold-change of 1.5 were considered as "significantly different in gene expression" in the roots of B. sphaericus-inoculated oil palm plantlets compared to the roots of un-inoculated oil palm plantlets. These genes were annotated according to the matches of their ESTs to the non-redundant protein database at the National Center for Biotechnology Information (NCBI) using the default settings of BLASTX program (Altschul et al. 1997) . BLASTX results with E values equal or less than 10 −5 were treated as "significant matches" and classified according to their putative functions using the catalogue in the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/pathway). ESTs with no hits or matches with E values more than 10 −5 to proteins in NCBI were classified as "non-significant matches". Contig Assembly Program 3 (CAP3) was used to cluster the overlapping ESTs into contigs (Huang and Madan 1999) .
Verification of microarray data by real time PCR
The following primers were designed by using Primer3 (v.0.4.0) (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_ www.cgi) for real time PCR: actin (EL691466; 5′-CCC ACC TGA ACG GAA ATA CA-3′ and 5′-CGG ATG GCA CCT CAG TCT TA-3′), catalase 2 (EL690456; 5′-TGC AGA GGA ATG AGG AGG TG-3′ and 5′-TTT GAC ATT GAG GCG GTT TG-3′), chalcone isomerase (EL690291; 5′-TCA TAA CGT TCA CGG CCA TC-3′ and 5′-AAC CAG GAG CGA AGT TCT CG-3′), cinnamate-4-hydroxylase (EL690818; 5′-GCA AAC AAC CCT GAG CAC TG-3′ and 5′-GGA ACG CCT AGC AAG CCT AA-3′), oligopeptide transporter or LeOPT1 (EL691660; 5′-GAT TGC ACT GGC AAC TGG AG-3′ and 5′-AAA AGC CGG AAC TGA AGC TG-3′), ABC transporter homolog (EL690302; 5′-CCA ACA TCA TCC ACA TGC AG-3′ and 5′-CCG AAG GTG ACT TCC ACA AA-3′), root uracil permease 1 (EL690643; 5′-GTT GGT GGA GCT CCT TGG AT-3′ and 5′-CAA CTC TTC GGC TGC CAA C-3′), and superoxide dismutase (EL686720; 5′-CTG AGG GTG TCA CAG GAC T-3′ and 5′-GGT CAT CAG GAT CAG CAT GG-3′). In this experiment, actin was used as an endogenous control because the expression level (or Ct values) of actin did not vary significantly between the control and treated samples when the same amount of template was used for real time PCR (data not shown).
Prior to first strand synthesis, total RNA was subjected to DNaseI treatment in a 100-μl reaction mixture containing 20 µg total RNA, 1× DNase I reaction buffer (10 mM TrisHCl, 2.5 mM MgCl 2 , 0.5 mM CaCl 2 ) and 3 U of DNase I (RNase-free) at 37°C for 30 min. The RNA was purified by phenol-chloroform-isoamylalcohol (25:24:1) and precipitated using ethanol. Approximately 3 µg total RNA was converted to first-strand cDNA using StrataScript® QPCR cDNA Synthesis Kit (Stratagene, USA). Relative quantification was performed using Brilliant® SYBR® Green QPCR Master Mix (Stratagene, USA). The reaction mixture containing 1 µl 10× diluted first-strand cDNA, 1× master mix, 100 nM of each primer (except for ABC transporter homolog, which required 50 nM of each primer), and 30 nM diluted reference dye in a final volume 12.5 µl was performed by using Mx3005P® instrument (Stratagene, USA). The PCR cycling conditions were as follow: 1 cycle of 95°C for 10 min and 40 cycles of 95°C for 30 s, 58°C for 1 min, and 72°C for 1 min. The PCR efficiency (E) was calculated based on the slope of standard curve for each target and actin (endogenous control) according to the equation: E=10 [-1/slope] . The relative expression fold change of a target gene was calculated using the formula established by Pfaffl
, where E target = the real time PCR efficiency of a target gene, E actin = the real time PCR efficiency of actin; ΔCt target = the deviation of controlsample of target gene and ΔCt actin = the deviation of control-sample of actin. All PCR amplification was performed in three replicates.
Results
In this study, we reported the fabrication of the first cDNA microarray from oil palm consisting 3748 cDNA probes and its application in transcript profiling. The labeling efficiency of target mRNAs was measured by including mRNA spikes with known concentrations and ratios (provided in the Lucidia Universal ScoreCard Controls) in the labeling reactions. The hybridization signals of these mRNA spikes were compared between experiments and used for normalization if the efficiency of labeling was remarkably different. The expected positions of cDNA probes printed on the array were verified by referring to the hybridization signals of the Lucidea Universal ScoreCard Controls distributed at various positions on the array. The scanning of the microarray slides was optimized to obtain the best image and unsaturated spot intensities. The microarray data were pre-processed whereby spots with irregular shapes and low intensities were excluded from downstream analysis. In this study, the differentially expressed genes were identified by SAM with FDR<5% although the FDR for SAM is usually less than 1% (dos Santos and Liu 2007) . A less stringent FDR was used in this study because a high number of these genes with FDRs ranging from 1-5% were found to be consistently upregulated, implying the reliability and reproducibility of these cDNA microarray data. The cDNA microarray analysis has provided an understanding of the transcriptomic changes at the initial stage of oil palm-B. sphaericus UPMB10 interaction at 120 h post- inoculation, upon the establishment of a stable concentration of inoculum on the root surface. The average number of bacteria present on the treated root surface increased gradually and achieved an average count above 200 log colony forming units (cfu) per gram of dry weight of root tissues after 40 h post-inoculation, and continued to fluctuate for the subsequent hours. To investigate the direct effect of PGPB on nitrate uptake independent of root morphogenesis at transcriptional level, the root samples were harvested at a point where a stable inoculum (with an average count above 200 log cfu per gram of dry weight of root tissues) has been established on the root surface for more than 3 days, and morphological differences between the roots of B. sphaericus-inoculated oil palms and uninoculated oil palms were not remarkable. A total of 54 tentative unique genes (TUGs) consisting 70 cDNA probes were upregulated (Supplementary Table 2 ) at least 1.5-fold in B. sphaericus UPMB10-inoculated oil palm plantlets compared to those in un-inoculated oil palm plantlets. Since many genes with identical annotations or similar functions were significantly upregulated in B. sphaericus UPMB10-inoculated oil palm plantlets compared to those in uninoculated oil palm plantlets, the resulted TUGs instead of individual sequences were classified into nine functional groups based on their putative functions ( Fig. 1) : protein synthesis and processing (28%), stress-related protein (22%), unknown function (19%), primary metabolism (13%), cell division (7%), membrane transport (4%), signal transduction (4%), gene expression and RNA metabolism (2%), vesicular trafficking, protein sorting, and secretion (2%). Table 1 shows the upregulated genes related to root morphogenesis, membrane transport and stress, in B. sphaericus UPMB10-inoculated oil palm plantlets compared to those in un-inoculated oil palm plantlets. Among the genes that were upregulated were genes encoding ribosomal proteins, stress-related proteins (mostly related to drought and reactive oxygen species scavenging), translational-controlled tumor protein (TCTP) homolog and transporters (including low affinity nitrate transporter, oligopeptide transporter or LeOPT3 and PVR3). A high number of genes with identical annotations or similar functions, such as cyclophilin (5), ribosomal proteins (13), superoxide dismutase (2), metallothionein-like protein (5), ATDI21 (2), PVR3-like protein (7), were found several times in Table 1 , implying that they were consistently upregulated in B. sphaericus UPMB10-inoculated oil palm plantlets compared to those in un-inoculated oil palm plantlets. This may also indirectly reflect the reliability and reproducibility of the cDNA microarray data. The gene expression of two of them, LeOPT3 and superoxide dismutase, were shown to be consistently upregulated by microarray and postmicroarray verification (Table 2) .
Using the same cutoff values (FDR<5% and a minimum fold change of 1.5), none of the genes examined were found to be downregulated in B. sphaericus UPMB10-inoculated oil palm plantlets compared to those in uninoculated oil palm plantlets. However, post-microarray verification of five selected genes ( Table 2 ) that have a minimum fold change of 1.5 fold showed that these genes were consistently downregulated although the FDRs for these genes were more than 5%. In this study, we have decided to report only the genes that fulfilled both the criteria set for cDNA microarray analysis (i.e., FDR<5% and a minimum fold change of 1.5) because the FDR set for microarray analysis was already less stringent. Furthermore, only a small number of genes with FDRs more than 5% have been verified to be consistently downregulated by real time PCR.
Discussion
The initiation of root morphogenesis induced by PGPB could be a complicated phenomenon involving a combina- The standard deviations for real-time PCR were calculated from the results from three technical replicates a The FDRs of these genes are more than 5%.
tion of mechanisms. Although the morphological differences between the roots of B. sphaericus-inoculated oil palm plantlets and un-inoculated oil palm plantlets were not obvious, a number of genes related to root morphogenesis were shown to be differentially expressed in the roots of B. sphaericus-inoculated oil palm plantlets. Our results demonstrated the upregulation of many ribosomal proteins in the roots of B. sphaericus-inoculated oil palm plantlets, which represent the most abundant class of cDNAs isolated from newly organizing lateral roots (Sussex et al. 1995; Himanen et al. 2004) . Besides, genes encoding cyclophilin and TCTP homolog were also upregulated in the roots of B. sphaericus-inoculated oil palm plantlets. Cyclophilin may have a role in protein maturation (Romano et al. 2005) , whereas TCTP homolog is a component of the target of rapamycin signaling pathway (Berkowitz et al. 2008 ).
Arabidopsis TCTP which was shown to have increased expression in the meristematic and expanding cells was proposed to be an important growth regulator that maintains cell size, lateral root formation and root hair development (Berkowitz et al. 2008 ). In addition, PVR3 (a non-specific lipid transfer protein) which also accumulated in the roots of B. sphaericus-inoculated oil palm plantlets, was reported to be an indicator of development of cortical tissue in the root tip (Song et al. 1998 ).
Our results provided evidence that B. sphaericus UPMB10 was able to upregulate the expression of a gene encoding low affinity nitrate transporter. The low affinity nitrate uptake system has a larger capacity than the high affinity nitrate uptake system for the acquisition of large amount of nitrate (Fraisier et al. 2001) . Our finding supports the hypothesis of Mantelin and Touraine (2004) that PGPB are able to stimulate nitrate transport system directly. Since the root morphology in B. sphaericus-inoculated oil palm plantlets and un-inoculated oil palm plantlets was not remarkably different, the upregulation of low affinity nitrate transporter in this study was unlikely a consequence of stimulated root development induced by PGPB. The upregulation of gene encoding oligopeptide transporter which facilitates long distant transport of tetra-or pentapeptides (Tsay et al. 2007 ) may also assist the redistribution of N in oil palm plantlets inoculated with B. sphaericus.
In a previous study, oil palm seedlings harvested at 56 days after inoculation with B. sphaericus were shown to have increased number of primary and secondary roots and increased length of primary root which could possibly due to the production of auxin by B. sphaericus (Amir et al. 2002) . In this study, our results showed that the auxin responsive genes were not significantly upregulated or downregulated. Thus, there was no evidence showing that the inoculated plantlets responded to exogenous auxin produced by PGPB in our experiment at 120 h post-inoculation.
Our findings also demonstrated the upregulation of genes related to biotic and abiotic stresses such as pathogenesis-related protein, drought inducible proteins, and metallothionein-like proteins in B. sphaericus-inoculated oil palm plantlets. It is not surprising as rhizosphere bacteria have been demonstrated to reduce susceptibility to disease and also elicit tolerance to drought and salt (Yang et al. 2009 ). Reactive oxygen species (ROS) scavenging enzymes might have a role in B. sphaericus UPMB10-inoculated oil palms as evidenced by the upregulation of two superoxide dismutases. The presence of ROS in rhizobia-legume symbiosis (Tavares et al. 2007 ) suggested the vital role of ROS in determining the compatibility between host plant and bacteria. Only bacteria that can defend themselves against ROS can colonize the host plant. The upregulation of putative WRKY, a transcription factor which is commonly found in the promoters of defense-associated genes (Eulgem et al. 2000; Turck et al. 2004) , might also associate with the presence of hydrogen peroxide (Vandenabeele et al. 2003) or biotic stress.
In conclusion, the present study has provided a better understanding of the transcriptomic changes in oil palms at the initial stage of oil palm-B. sphaericus UPMB10 interaction. B. sphaericus UPMB10 was able to upregulate the expression of many genes related to protein synthesis and processing, stress, primary metabolism, and membrane transport. Some of these genes such as ribosomal proteins, TCTP, and PVR3-like proteins, could be related to root morphogenesis. We also demonstrated that the upregulation of the gene encoding low affinity nitrate transporter was independent of root morphogenesis. This rhizosphere bacterium was also shown to induce stress-related proteins that may lead to tolerance to biotic and abiotic stresses.
